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I. INTRODUCTIC ,

* The analysis of barium calcium aluminate impregnants is required to

assure uniform impregnant composition during manufacture. Variations in

impregnant composition from cathode to cathode can produce variations of

barium coverage on the cathode surface, resulting in emission current

*variations and premature cathode degradation. A precise, accurate, rapid, and

simple method is needed to analyze barium, calcium, and aluminum concen-

trations in cathode impregnants.

In this report we show that flame emission spectroscopy (FES) can be used

successfully for barium calcium aluminate impregnant analysis. FES analysis

requires minimal sample preparation and only a few minutes to measure the

emission from the elements of interest. FES analysis is accurate to between I

to 2 percent. A wide dynamic range in detection sensitivity, from parts per

million to bulk concentrations, can be accomplished by simple dilution. FES

techniques are mature, instrumental parameters are fairly well known, and the

instrumentation is widely available. Furthermore, interferences between

metals are well understood and can easily be suppressed.

9We describe a procedure for FES analysis of barium, calcium, and aluminum

in barium calcium aluminate dispenser cathode impregnants. Results from the

analysis of a large number of impregnants illustrate that current impregnant

manufacturing processes are inherently irreproducible. For this reason,

monitoring of impregnant composition during manufacture is required.
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II. EXPERIMENTAL DESCRIPTION

In this section we provide a brief description of our instrument, the

purity of the reagents used, and a description of impregnant and FES sample

preparation.

A. INSTRUMENTATION

An Instrumentation Laboratory, Inc. model 251 atomic absorption/emission

double-beam spectrophotometer was used for FES analysis. The model 24036-01

burner head was used for the nitrous oxide/acetylene flame. The operating

conditions of the spectrometer are listed in Table 1.

B. REAGENTS

Baker ULTREX grade or ACS reagent grade HCl was used to dissolve the

impregnants. Deionizea water (18 Mohm/cm) was used in all solitions.

Commercially prepared 1000-ppm solutions of barium, calcium, and aluminum were

used to prepare standard solutions for calibration of the instrument. All

other chemicals used were ACS reagent grade.

C. SAMPLE PREPARATION

The barium calcium aluminates were prepared from Mallencrodt reagent

grade BaCO 3, CaCO 3 , and Linde-B A1203. 50-g lots of material were processed

according to an improved wet mixing procedure based on the Philips-Emet

procedure outlined in Fig. 1.I

The "dry" mixing procedure consisted of the following steps: 2

1. The starting materials were milled in a dry 000-size Burundum ball
mill jar with 7 to 10 Burundum cylinders for 24 hr to grind the
powders.

2. A slurry of the milled powders was prepared in a beaker with about

30 ml of water.

3. About one fifth of the slurry was placed in a high-lensity, high-

purity alumina boat and dried at 1300C prior to calcining at 13501C
for 3 hr.

7
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'Table 1. Operating Conditions for the Flame Emission Spectrometer

Slit Burner Burner Red Feather Multiplier
Wavelength, Width, Height, Orientation, Height, Voltage,

Element nm nm mm deg. mm V

Al 396.1 160 9 0 20 460-530

Ba 553.6 160 11 90 10 530-620

Ca 422.7 80 8 0, (90) 20 460

w 400.9 40 9 0 25 800

Element Linear Ranges Average Error Linear Correlation

Min Max Al Ba Ca

Al 0.5 - 10 ppm 1.3% +1.0 -0.3 +0.6

Ba 0.5 - 30 ppm 1.1% +0.3 +1.0 +0.9

Ca 0.2 - 2 ppm 1.8% -0.8 -0.8 +1.0

See Tables 2 and 3 for range data.

- **
See Table 3 for detailed linear fits and linear correlation

coefficients; + enhancer; - suppressor.
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WEIGH STARTING MATERIALS:
BARIUM CARBONATE

CALCIUM CARBONATE
ALUMINUM OXIDE

HOMOGEN IZE:
BALL MILL
SLURRY

DRY (130CC)

C ALCINE (1350C

Fig. 1. The Philips-Emet Procedure for Synthesizing Barium Calcium
Aluniinate Dispenser Cathode Impregnants



The dry procedure was improved by adding a wet mixing step. During wet mixing

in a water slurry, more homogeneous impregnants are made because there is

better mixing of the starting materials and higher reactivity of the hydrated

powders during calcination. The wet or slurry mixing procedure consisted of

the following steps:
2

1. The starting materials were milled in a dry Burundum ball mill jar
for at least 20 hr to grind the powders.

2. About 30 ml of high-resistivity water were added and the slurry was

milled for at least 2 hr.

3. The slurry was dried in the ball mill jar at 1200C.

4. Step 2 was repeated.

5. The slurry was placed in a high-density, high-purity alumina boat
and dried at 120 0 C prior to calcining at 13500 for 3 hr.

Aqueous solutions of the barium calcium aluminates were typically

prepared by dissolving several milligrams of impregnant in 0.5 to IOM HCl.

These solutions were diluted to an approximate concentration of 3 to 5 ppm

aluminum and 0.5 to 2M HCI. Nalgene flasks were used for all solutions to be

analyzed for aluminum. The use of glass volumetric flasks resulted in

irreproducible aluminum measurements because of leaching of aluminum from the

glass and adsorption of aluminum on the glass.

In the cases where impregnant from cathodes was analyzed, the cathode

button was removed from the heater and was extracted with two to four aliquots

of 0.5 to 2M HCI. An ultrasonic bath was used to assure reproducible

extraction and to reduce the extraction time.

10
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III. RESULTS

The limits of accuracy are estimated on the basis of analysis of known

solutions of barium, calcium, and aluminum. The accuracy is primarily limited

by the stability of the flame and background drift. As a demonstration of

FES, a large number of barium calcium aluminate impregnants were analyzed. An

extension of the analytical method to include impregnants extracted from

dispenser cathodes showed variations in impregnant composition in the cathode

pores.

A. ACCURACY

The accuracy of FES can be limited by interferences among elements in a

sample. The following typical interferences in FES were addressed during the

development of this analytical procedure: overlap of spectral bands, the

formation of refractory compounds in the flame, and the self-absorption and

ionization of elements. The overlap of spectral bands was avoided by the

careful selection of bands for analysis. The formation of refractory com-

pounds was avoided by the use of a hot nitrous oxide/acetylene flame. Self-

absorption could be minimized in analyzing high concentrations of barium or

calcium in the solution by rotating the burner to decrease the optical path-

length in the flame. Also, alkaline-earth elements can ionize in tne flame,

reducing the intensity of neutral excited-state transitions and lowering

sensitivity; the ionization of barium and calcium in the flame was suppressed

by including a large excess of potassium in the solution.

The accuracy of barium, calcium, and aluminum analyses was determined by

analyzing known concentrations of these elements; linear correlations between

the elements were examined for evidence of interferences. On the basis of the

data in Table 2, the accuracies of the barium, calcium, and aluminum analyses

were ±1.1%, ±1.8%, and ±1.3%, respectively.

Because the accuracy of the analysis may be affected by the presence of

tungsten in impregnants extracted from tungsten cathodes, the effect of

tungsten on the analysis was measured and summarized in Table 2. No

11
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Table 2. Spectral Interferences Due to Barium, Calcium, Aluminum,

and Tungsten

Expected Values, ppm Measured Values, ppm

Ba Ca Al Ba Ca Al

30.0 0 0 28.8 0.01 -

25.0 0 0 24.8 0.01 -

20.0 0 0 20.4 0.01 -

15.0 0 0 15.0 0.02 -

10.0 0 0 9.97 -0.01 -

5.00 0 0 4.94 -0.01 -

1.00 0 0 1.00 - -

0.50 0 0 0.50 -

0.10 0 0 (0.13) -

Average Error: 1.1%

Expected Values, ppm Measured Values, ppm

Ba Ca Al Ba Ca Al

0 5.00 0 0.02 (3.97) -

0 4.00 0 0.01 (3.35) -

0 3.00 0 0.02 (2.65) -

0 2.00 0 0.01 1.93 -

0 1.00 0 0.02 1.00 -

0 0.50 0 0.01 0.51 -

0 0.10 0 0.01 (0.14) -

Average Error: 1 .8%

12
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Table 2. Spectral Interferences Due to Barium, Calcium, Aluminum,

and Tungsten (Continued)

Expected Values, ppm Measured Values, ppm

Ba Ca Al Ba Ca Al

0 0 10.0 0.00 0.00 9.89

0 0 6.00 0.02 -0.01 6.19

0 0 5.00 -0.02 0.00 5.17

0 0 4.00 0.01 0.01 3.98

0 0 2.00 - 0.02 2.00

0 0 1.00 0.02 -0.01 1.00

0 0 0.50 0.02 0.02 0.52

0 0 0.10 -0.01 0.02 (0.24)

Average Error: 1.3%

Expected Values, ppm Measured Values, ppm

W Ba Ca Al Ba Ca Al

30 0 0 0 -0.05 -0.02

20 0 0 0 -0.04 -0.02 -

10 0 0 0 -0.02 0.03 0.13

5 0 0 0 0.07 -0.01 0.12

1 0 0 0 -0.04 0.07 -0.13

0.5 0 0 0 -0.01 -0.01 0.11

Average: -0.02 0.01 0.06

Standard Deviation: _±0.04 ±0.03 ±0.12

13
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systematic spectral interference of tungsten on barium, calcium, or aluminum

analysis was expected or observed.

The effects of interference between barium, calcium, and aluminum were

analyzed by using the data in Table 3. When aluminum was varied and barium

and calcium were held constant, a slight suppression of the calcium intensity

as a result of aluminum was observed, as shown by the linear fit and the

linear correlation coefficient, r, near -1 (Ref. 2). This previously reported

effect 3 was found to be due to the formation of refractory calcium aluminates

that are nL: completely dissociated in the flame. When barium and aluminum

were held constant and calcium was varied, enhancement of the barium signal

with increasing calcium was observed. The apparent enhancement is due to a

calcium molecular emission line very near the barium line. 4 When calcium and

aluminum were held constant and barium was varied, no significant correlations

due to interferences were observed. Generally, interference between elements

can increase the variation in the measured value of an element by up to

±5.0%. This error can be eliminated by using a calibration standard that

closely matches the expected composition of the samples.

B. ANALYSIS OF IMPREGNANT POWDERS

Variations in impregnant composition as a result of processing were

determined by examining a wide range of impregnant compositions made in our

laboratory according to the wet mixing procedure in Section II.C. The results

of the analyses of 4:0.5:1, 4:1:1, 5:3:2, and 5:2:2 impregnants are presented

in Table 4. In general, these impregnants show a wider variation (4.3 to

11.6% average deviation) in calcium and aluminum than would be expected on the

basis of the inherent accuracy of the FES technique (1.1 to 1.8%). In

particular, a large variation in the formulation of 4:0.5:1 was observed,

indicating problems with the initial mixing homogeneity and with the

incorporation of calcium and aluminum into the impregnant. The average

deviations observed in the remaining Impregnants indicate that about a 5%

variation is typical of the wet-mixed materials used in this study. Thus, the

results of FES analysis have shown that the mixing procedure can be controlled

by FES, which has an accuracy of about 1.5 to 2%.

14

%"e



Table 3. Chemical Interferences Due to Barium, Calcium,
and Aluminum

Expected Values, ppm Measured Values, ppm

Ba Ca Al Ba Ca Al

20 2 9 20.38 1.83 8.74

20 2 7 20.59 1.81 6.95

20 2 5 19.75 1.92 5.00

20 2 3 20.33 1.92 3.15

20 2 1 18.83 1.99 -

Average: 19.98 1 .89

Standard Deviation: ±0.2% ±3.9%,'

Correlations:

[Ba] = 19.914 + 0.0514[Al] r = +0.365

[Ca] = 1.99 - 0.021[Al] r = -0.8149

[Al] = -0.366 + 1.07[Al] r = 1.000

Expected Values, ppm Measured Values, ppm

Ba Ca Al Ba Ca Al

20 3 5 19.96 (2-76) 4.314

20 2 5 19.87 2.03 4.7u

20 1 5 19.149 1.02 4.86

20 0.5 5 18.91 0.50 4.58

20 0.2 5 18.614 0.18 4.68

Average: 19.37 4.714

Standard Deviation: +3-0% +2.14%

Correlations:

[3al 18.7 + 0.51 3[Ca] r = .9148

[Ca] = 0.016 + 0.975[Ca] r = 1.000

[Al] = 11.65 +0.069LCa] r = 0.6414

15
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Table 3. Chemical Interferences Due to Barium, Calcium,
and Aluminum (Continued)

Expected Values, ppm Measured Values, ppm

Ba Ca Al Ba Ca Al

50 2 5 462 03 1.914 4.37

30 2 5 29.145 2.00 5.03

20 2 5 18.84 2.01 4.66

10 2 5 - 1.914 4.614

5 2 5 5.11 2.00 4.65

Average: 1.98 4.67

Standard Deviation: -1.8% +5.0%/1

Correlat ions:

[Ba] = -0.877 + 1.09[Bal r = 0.999

[Cal = 2.02 - 0.002[Ba] r = -0.802

[All = 4.80 - 0.005[Ba] r = -0.302

16
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Table 4. FES Analysis of Impregnant Powders

Mole Ratio Weight Percent
We ight

BaO : CaO :A1 20 3  Ba Ca Al Discrepancy, I

4 0.50: 1 73.9 2.7 7.3 -

3.97: 0.61: 0.99 73.3 3.3 7.2 ).7

4.08: 0.50: 0.88 75.4 2.7 6.4 11.3

4.17: 0.50: 0.75 77.0 2.7 5.4 7.8

4.22: 0.44: 0.71 77.9 2.4 5.1 3.9

4.02: 0.53: 0.95 74.3 2.9 6.9 5.7

4.06: 0.52: 0.90 75.0 2.8 6.5 5.6

4.09: 0.52: 0.85 75.6 2.8 6.2 1.0

Avg.: 4.09 0.52 0.86 75.5 2.8 6.2 5.9

SD: ±0.09 ±0.05 ±0.10 ±2.1% ±9.8 ±11.6% ±3.3

4 :1 : 71.2 5.2 7.0 -

4.00: 1.21: 0.88 71.3 6.3 6.2 7.3

3.97: 1.19: 0.94 70.7 6.2 6.6 4.6

Avg.: 3.99: 1.20: 0.91 71.0 6.2 6.4 5.9

SD: ±0.02 ±0.01 ±0.04 +0.6% ±1.2% ±4.6% ±1.9

.5' 17



Table 4. FES Analysis of Impregnant Powders (Continued)

Mole Ratio Weight Percent
We ight

BaO : CaO :A1 203  Ba Ca Al Discrepancy,

5 : 3 : 2 60.3 10.6 9.5 -

5.10: 3.11: 1.79 61.4 11.0 8.5 9.5

5.07: 2.98: 1.91 61.1 10.5 9.0 5.8

5.06: 2.93: 1.95 61.0 10.3 9.2 14.5

5.01: 3.16: 1.89 60.4 11.1 9.0 6.6

5.07: 3.11: 1.83 61.2 10.9 8.7 7.1

5.13: 2.79: 1.91 61.9 9.8 9.1 2.6

5.04: 3.13: 1.88 60.7 11.0 8.9 1.9

5.04: 3.28: 1.79 60.8 11.6 8.5 1.2

-0.914.98: 2.94: 2.11 60.1 10.0 10.0 0.96

5.02: 2.90: 2.02 60.6 10.2 9.6 3.2

4.98: 2.84: 2.11 60.1 10.0 10.0 0.04

5.01: 2.85: 2.07 60.4 10.0 9.8 -1.6

5.04: 2.81: 2.04 60.8 9.9 9.6 1.3

4.98: 2.84: 2.11 60.1 10.0 10.0 0.04
4.95: 2.88: 2.13 59.7 10.1 I ,.I 2.5I

4.95: 3.07: 2.04 59.7 10.8 9.7 12.3

4.98: 2.84: 2.11 60.1 10.0 10.0 0.04

5.05: 2.75: 2.06 61.0 9.7 9.8 0.5

Avg.: 5.03: 2.96: 1.99 60.6 10.5 9.4 3.7

SD: ±0.05 ±0.15 +0.12 +1.0% ±5.1% +5.9% ±4.6

18



Table 4. FES Analysis of Impregnant Powders (Continued)

Mole Ratio Weight Percent
We ight

BaO :CaO :A120 3  Ba Ca Al Discrepancy,

S.5 2 :2 634 74 10.0

4.88: 2.29: 2.02 61.9 8.5 10.1 4.6

5.09- 2.00: 1.87 614.5 7.14 9.3 0.8

5.02: 2.17: 1.88 63.7 8.0 9.14 4.8

5.05: 2.16: 1.83 614.1 8.0 9.1 1.5

4.96: 2.13: 2.03 62.6 7.9 10.1 6.2

5.07: 2.114: 1.82 614.3 7.9 9.1 1.*4

4.96: 2.23: 1.93 63.0 8.3 9.6 3.6

Avg.: 5.00: 2.16: 1.93 63.14 8.0 9.5 3.5

SD: +0.07 +0.09 +0.11 ±-1.5% ±t4.3$ t5.7% +2.3



C. ANALYSIS OF IMPREGNANTS EXTRACTED FROM CATHODES

The FES technique was used to examine variations in composition that can

result during cathode impregnation. The impregnation process consists of

melting an impregnant powder in contact with a porous tungsten button. The

barium calcium aluminate solid solutions melt first and are drawn into the

porous tungsten by capillary action. Because the calcium oxide phase in the

impregnant has a higher melting point, this phase melts last and contributes

to that portion of the impregnant near the front of the cathode.

This effect is illustrated by the composition of impregnants extracted

from cathodes (see Table 5). When impregnant was extracted from the front of

intact cathodes, composition was about 5:2.5:2. When cathodes were crushed so

that impregnant was analyzed from the entire volume of the cathode, the

composition was about 5:2:2. The nominal composition of the initial powder

was 5:3:2. This shows that calcium-poor impregnant melted first and the

calcium concentration increased as the calcium oxide dissolved.

A concentration profile of the impregnant in a cathode was obtained by

multiple extractions of impregnant from the emitting surface of the cathode

(see Table 6). These measurements also show the variation in composition that

can be caused by incongruent melting of the impregnant. We found that the

aluminum concentration decreases toward the center of the cathode (samples 4

through 7) and the calcium concentration is higher toward the front of the

cathode (samples 2 through 4). Thus, these data are consistent with an

impregnation mechanism whereby a 5:2:2 solid solution initially melts and

impregnates the cathode, followed by dissolution of more calcium.

These measurements demonstrate that FES has sufficient sensitivity to

obtain concentration profiles by means of extraction. Further work needs to

be done to confirm that preferential extraction does not alter the measured

concentrations.
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Table 5. FES Analysis of Impregnants Extracted from Dispenser
Cataodes

Mole Ratio
Cathode Impregnant

Manufacturer BaO CaO :A1 2 03  Extracted, mg Notes

Nominal 5 3 2

Semicon 5.19 2.51 1.98 0.94 front extraction;
6.8 mg impreg. total

Semicon 5.40 1.88 2.02 3.53 crushed button;
6.7 mg total

Spectramat 4.85 2.64 2.42 0.92 front extraction

Spectramat 5.31 2.05 2.05 2.96 crushed button

Impregnants extracted 3 times with about 1 ml of 10-11.9M HCl

21
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Table 6. Effect of Multiple Extractions

Mole Ratio
Impregnant

Sample BaO CaO :A1 20 3  Extracted, mg Notes

Nominal 5 : 3 2 Extracted with 2 ml

2M HC1 aliuots and
I - Front 5.03: 2.36: 2.31 0.94 diluted up to 50 ml

for analysis at

2 4.32: 3.12: 2.20 0.43 0.5M HCI.

3 4.87: 2.88: 2.26 0.37

4 5.01: 3.30: 1.82 0.22

5 5.16: 2.48: 2.04 0.48

6 5.21: 2.34: 2.04 0.35

7 5.34: 2.08: 1.99 0.31

3.10 6.0 mg total weignt
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LABORATORY OPERAIIONS

"The Aerospace Corporatiol flnctions is an "architect -engineer' tor

national security projects, specializing in advanced military space systems.

Providing research support, the corporation's Laboratory Operations conducts

experimentaI and theoretical investigations that focus orl the application of

scientific and techni(cal advances to such systems. Vital to the success of

these investigations is the technical staff's wide-ranging expertise and its

ahility to stay current with new developments. This expertise is enhanced hy

a research program aimed at dealing with the many problems associated with

rap i dly evolving space systems. Contributing their capabilities to tire

research effort are these individual laboratories:

Aerophysics Laboratory: Launch vehicle and reentry Iluid mechanics, heat
transfer and flight dynamics; chemical and electric propulsion, propellant
chemistry, chemical dynamics, environmental chemistry, trace detection;
spacecraft structural mechanics, contamination, thermal and structural
control; high temperature thermomechanics, gas kinetics and radiation; cw and
pulsed chemical and excimer laser development Including chemical kinetics,
spectroscopy, optical resonators, beam control, atmospheric propagation, laser
effects and countermeasures.

Chemistry ard Physics Laboratory: Atmospheric chemical reactions,

atmospheric optics, light scattering, state-specifit chemical reactions and

radiative signatures of missile plumes, sensor out-of-field -of -view rejection,
applied laser spectroscopy, laser chemistry, laser optoelectronics, solar cell
physics, battorv electrochemistry, space vacuum and radiation effects on
materials, lubricutton and surface phenomena, thermionic emission, photo-
sensitive mat,,riails and let ,ctors, atomic frequency standards, and
environmental ch-mistry.

Comput'r Sci,_nc Laboratory: Program verification, program translation,
performance-sensitive system design, distributed architectures for spaceborne
.c.puilers, *tolt-tol.rant com1puter systems, artificial intelligence, micro-
electronics appict ations, comminication protocols, and computer security.

a El-tronics Rese arch Laboratory: Microelectronics, solid-state device
physics, compound semiconductors, radiation hardening; electro-optics, quantum
electronics, solid-slate+ lase.rs, optical propagation and c-mmunications;
ni'rowave stup cord 't i d,-vitrun, init rowave/mil Iiimeter wave measurements,
it.,tnost i a' nd ruj'p'' ry , mi'ruwa'/:pi I imeter wave thermionic devices;

atomi' time andi I rein.' ov stlldlrds; antennas, rI systems, electromagnetic

pripag lt ion phrnlmtcn , na I* sp.it'' amlt i-ut I systems.

Materials Sciencs [.aboraitory: leve lopment ol new materials: metals,
all I oys, -rrnics , pol ymers ind ti.,ir (-mposites, and new forms of carbon; non -
destructive evaluation, cimpon-nt lii ,irt analysis and reliability; fracture
mechanics and strss c rrsio ; a, l,,,sis and uvaluation of materials at
cryogenic and elevated temperatures 'us wel l as in space and enemy -induced
env i ronlmqt s.

Spac. Scincrs La br.rt,ry: uiinrrtispheric , aurural and cosmic ray
physics, wave-partichli iit'-ra'tirns, 'agnetosphirlc plasma waves; atmospheric
and ionospheric physics, densitv and rmlirisitir of the uipper atmosphere,

remote sensing using atmusphr In radiition; solar physics, infrared astronomv,
infrared signature analysis; otuncts of solar activity, magnetic storms and

air'-lear explosions. i the earth's ,tnospuhi'ru', lonorspheure and magnetosphere;
effects oi e'lntrmagn'tii- and p rticulate raidiations on space systems; space
instrumentation.
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